H eart failure (HF) is a systemic disease with a devastating prognosis. HF affects not only the cardiovascular system but other organ systems. Alterations of gastrointestinal function occur in HF patients as a result of low cardiac output, increased central venous pressure, and increased sympathetic vasoconstriction. [1] [2] [3] In addition, reduced intestinal perfusion may lead to an increase in transmucosal carbon dioxide pressure, and intramucosal acidosis occurs in nearly 50% of patients with circulatory failure, suggesting the presence of inadequate oxygen supply and intestinal ischemia. 1, 4, 5 Furthermore, gastrointestinal bleeding in patients with acute coronary syndrome is associated with higher mortality. 6 Protecting gastrointestinal bleeding and intestinal barrier function and altering gut microbiota may be the targets of HF therapy. 2 Acid suppressive therapies using histamine H 2 receptor antagonists (H2RAs) and proton pump inhibitors (PPIs) have been widely prescribed for the treatment of upper gastrointestinal disease and/or prevention of gastrointestinal bleeding among patients taking antiplatelet agents and/or anticoagulants. [7] [8] [9] [10] It was reported recently that H2RAs are associated with the blockade of right and left ventricular remodeling and reduce the incidence of HF in persons without cardiovascular disease. 11, 12 Myocardial histamine H 2 receptor activation may promote cardiac fibrosis and apoptosis in preclinical models, and the use of H2RAs may improve symptoms in HF patients. 11, 12 In addition, favorable pleiotropic effects of PPIs for cardiovascular diseases have been reported. [13] [14] [15] [16] [17] [18] Adversely, an observational study previously reported that long-term use of PPIs is associated with adverse effects.
These studies, however, were not randomized or intended for HF patients and did not consider the presence of gastrointestinal tract disease or the use of antiplatelet agents and anticoagulants. Moreover, the effects of the addition of PPIs to antiplatelet agents (eg, clopidogrel) on platelet formation function and cardiovascular function remain unclear. 20 Taken together, the previous literature indicates that the association between acid suppressive therapies using H2RAs or PPIs and cardiac mortality in HF patients is still unclear and controversial. Consequently, we examined the impact of acid suppressive therapy on cardiac mortality in HF patients based on an observational study using propensity score (PS) analyses to reduce selection bias and taking into consideration the patients' clinical backgrounds, including the presence of upper gastrointestinal tract disease and the use of antiplatelet agents and anticoagulants.
Methods

Participants and Study Protocol
This observational study was analyzed using PS methods in which consecutive symptomatic HF patients, hospitalized with decompensated HF and discharged from Fukushima Medical University Hospital between 2009 and 2014, were enrolled. The diagnosis of decompensated HF was defined based on the Framingham criteria. 21 From the originally enrolled HF patients (n=1269), those who died in hospital (n=51), received dialysis (n=12), had acute coronary syndrome (n=9), or had advanced cancer (n=6) were excluded, leading to a total of 1191 patients who were finally enrolled. Blood samples were obtained at hospital discharge. Diabetes mellitus was defined as the recent use of antidiabetic drugs, a fasting blood glucose value ≥126 mg/dL, and/or a hemoglobin A 1 c value of ≥6.5%. Patients were divided into 3 groups based on the use of H2RAs and PPIs at hospital discharge: a non-acid suppressive therapy group (Non, n=363), an H2RA group (n=164), and a PPI group (n=664). We compared the clinical features and laboratory data collected at discharge. Hypertension was defined as the recent use of antihypertensive drugs, a systolic blood pressure ≥140 mm Hg, and/or a diastolic blood pressure ≥90 mm Hg. Dyslipidemia was defined as the recent use of cholesterol-lowering drugs, a triglyceride value ≥150 mg/dL, a low-density lipoprotein cholesterol value ≥140 mg/dL, and/or a high-density lipoprotein cholesterol value <40 mg/ dL. Chronic kidney disease (CKD) was defined as an estimated glomerular filtration rate of <60 mL/min per 1.73 cm 2 . 22 Anemia was defined as hemoglobin levels of <12.0 g/dL in women and <13.0 g/dL in men. 23 Atrial fibrillation was identified by an ECG performed during hospitalization and/or from medical records including past history. Endoscopy was recommended by hospital physicians as often as necessary during hospitalization. Peptic ulcer, esophagitis, gastroesophageal reflux disease, and gastritis were identified by endoscopy, which was performed within 1 year prior to admission until discharge. In Japan's health insurance system, PPI and H2RA were prescribed for the treatment of upper gastrointestinal disease and/or prevention of gastrointestinal bleeding among patients taking antiplatelet agents and/or anticoagulants. Left ventricular ejection fraction was calculated using the Simpson method, and recordings were performed on ultrasound systems (ACUSON Sequoia; Siemens Medical Solutions USA, Inc). Reduced left ventricular ejection fraction was defined as a value ≤50%. All patients were followed up until 2016 for cardiac death, which was the primary outcome of the present study. Cardiac death was adjudicated by independent experienced cardiologists and included death caused by worsened HF in accordance with the Framingham criteria, 21 due to ventricular fibrillation documented by ECG or other implantable devices, and acute coronary syndrome. Survival time was calculated from the date of discharge until the date of death or last follow-up. Status and dates of death were obtained from patients' medical records. If these data were unavailable, status was ascertained by a telephone call to the patient's referring hospital physician. The survey was performed blindly to the analyses of this study, and written informed consent was obtained from all study participants. The study protocol was approved by the ethical committee of Fukushima Medical University. The investigation conforms with the principles outlined in the Declaration of Helsinki, and reporting of the study conforms to STROBE along with references to STROBE and the broader EQUATOR guidelines. 24 
Statistical Analysis
Normally distributed data are presented as meanAESD, and nonnormally distributed data are presented as median (interquartile range) or log transformed. Categorical variables are expressed as numbers and percentages, and the chisquare test was used for comparisons. Data among the 3 groups were compared using analysis of variance followed by the Tukey post hoc test. In addition, the Student t test and the Mann-Whitney test were used to compare the 2 groups for normally and nonnormally distributed data, respectively. The Kaplan-Meier method was used for presenting cardiac mortality, and a log-rank test was used for initial comparisons.
To eliminate imbalances in the measurement of baseline characteristics because of selection bias associated with use of PPIs or H2RAs, we used multiple approaches, including multiple Cox regression analysis in the prematched cohort (n=1191) and PS matching in the postmatched cohort (n=328). In patients who had undergone acid suppressive therapy (H2RAs, n=164; PPIs, n=664), the PS for treatment with PPIs was estimated for each patient by logistic regression with the following clinically relevant variables associated with the introduction of PPIs: presence of CKD, anemia, peptic ulcer, esophagitis/gastroesophageal reflux disease, or gastritis and usage of antiplatelet agents and anticoagulants. The PS is the propensity from 0 to 1 to receive treatment, given a set of known variables, and is used to adjust for potential selection bias, confounding, and differences between treatment groups in observational studies. 25 The PS was used to match patients who were administered and those who were not administered PPIs, using a 1:1 nearest neighbor matching algorithm with a caliper width of 0.2 of the pooled standard deviation of the logit of the PS (caliper=0.03), as described previously. 26 The PS-matched data sets were compared using pairwise analysis, 27 and the postmatched cohort (n=328) was defined.
To prepare for potential confounding in the Cox regression analyses, in addition to the above factors to calculate PS, we considered the following clinical factors, which are known to affect the risk of cardiac mortality in HF patients: age, sex, New York Heart Association functional class III or IV, B-type natriuretic peptide, presence of ischemic etiology, reduced left ventricular ejection fraction, hypertension, diabetes mellitus, dyslipidemia, CKD, anemia, atrial fibrillation, hyponatremia (sodium <135 mEq/L), and use of renin-angiotensinaldosterone system inhibitors, b-blockers, diuretics, and inotropic agents. These factors, which independently predicted mortality with a value of P<0.05, were selected in the final adjusted model as predictors of cardiac mortality. The proportional hazards assumption for the model was checked by examining log minus-log transformed data. In addition, the scaled Schoenfeld residuals from the proportional hazards regression model were investigated to assess the proportional hazards assumption.
To assess potential heterogeneity of the effect of PPI treatment on cardiac mortality, we conducted subgroup analyses in the postmatched cohort (n=328). We tested for first-order interactions using multivariable Cox proportional hazards models by entering interaction terms between PPI use and the subgroup variables. Missing values were handled by estimating 1 logistic regression model for each pattern of missing values. A P value <0.05 was considered significant for all comparisons. Analyses were performed using the statistical software package SPSS version 23.0 (IBM Corp).
Results
Among the HF patients in the present study who were discharged (n=1191), 929 (78.0%) were taking antiplatelets and/or anticoagulants at the time of discharge, 367 (30. Table 1 . The PPI group had a higher prevalence of ischemic etiology, dyslipidemia, CKD, anemia, peptic ulcer, esophagitis/gastroesophageal reflux disease, and gastritis and higher usage of b-blockers, diuretics, antiplatelet agents, and anticoagulants. Thus, patients in the PPI group had a variety of reasons for taking PPIs, such as a history of upper gastric intestinal disease or receiving antiplatelet agents and/or anticoagulants. Although sodium was lower in the PPI group, B-type natriuretic peptide, total protein, calcium, vitamin B12, magnesium, C-reactive protein, and tumor necrosis factor a did not differ significantly among groups (Table 1 ).
In the follow-up period (mean 995 days), 169 cardiac deaths (worsened HF, n=120; ventricular fibrillation, n=35; acute coronary syndrome, n=14) occurred. As shown in Figure 1 , cardiac mortality was significantly lower in the PPI group than in the non-acid suppressive therapy and H2RA groups in the prematched cohort (P=0.004) (Figure 1 ). The Cox proportional hazards model was used to examine the prognostic value of PPIs in the prematched cohort, as shown in Table 2 . After adjusting for potential confounding factors, usage of PPIs was an independent predictor of cardiac mortality in the prematched cohort (hazard ratio 0.488, 95% CI 0.310-0.768, P=0.002) ( Table 2 ).
In addition, in the postmatched cohort, cardiac mortality was significantly lower in the PPI group than in the H2RA group (P=0.025) (Figure 2) . Interactions between the PPI group and clinically relevant variables were modeled with Cox Figure 1 . Kaplan-Meier analyses for cardiac death among groups (Non group, n=363; H2RA group, n=164; PPI group, n=664) in the prematched cohort (n=1191). *P<0.05. H2RA indicates histamine H 2 receptor antagonist; Non, non-acid suppressive therapy; PPI, proton pump inhibitor. regression analysis, as shown in Table 3 , for cardiac mortality in the postmatched cohort (n=328). In the Cox proportional hazards analysis (Table 3) , usage of PPIs was a predictor of cardiac mortality in the postmatched cohort (hazard ratio 0.528, 95% CI 0.298-0.933, P=0.028). There was no interaction between PPI use and other important variables (eg, CKD, anemia) that affected cardiac mortality in all subgroups.
After adjusting for PS, the association between PPI usage and cardiac mortality were consistent in both the pre-and postmatched cohorts.
Discussion
To the best of our knowledge, the present study is the first to show the association between PPIs and lower cardiac mortality in hospitalized HF patients based on multiple Cox regression and PS analyses, considering the presence of upper gastrointestinal tract disease and the use of antiplatelet agents and anticoagulants.
Alterations of gastrointestinal function occur in HF patients. [1] [2] [3] In congestive HF, there is a low-flow state in the splanchnic microcirculation because of low perfusion, increased venous stasis, and sympathetically mediated arteriolar vasoconstriction, which stimulates O 2 exchange between arterioles and venules, exaggerating the gradient between the villus base and tip. 2 This causes nonocclusive ischemia, resulting in dysfunctional epithelial cells and loss of intestinal barrier function, 2 as well as collagen accumulation and a dysfunctional mucosal barrier in the small intestine. 28 Translocation of bacterial endotoxin has been suggested to play an important role in triggering proinflammatory cytokine BNP indicates B-type natriuretic peptide; CKD, chronic kidney disease; GERD, gastroesophageal reflux disease; H2RA, histamine H 2 receptor antagonist; HR, hazard ratio; LVEF, left ventricular ejection fraction; Non, non-acid suppressive therapy; NYHA, New York Heart Association; PPI, proton pump inhibitor; RAS, renin-angiotensin-aldosterone system. activation in HF. 28, 29 Furthermore, intramucosal acidosis has been very common in patients who undergo cardiac surgery 30 or in patients in intensive care units, 4 and is associated with inflammation 31 and high mortality. 4 In addition, gastrointestinal bleeding in patients with acute coronary syndrome is associated with higher mortality. 6 Acid suppressive therapy improves intramucosal acidosis; protects against bacteremia, gastrointestinal bleeding, and anemia; and might be associated with better outcome. Acid suppression and peptic ulcer protection resulting from PPI use are greater than those resulting from H2RA use, and PPIs are recommended over H2RAs for patients taking nonsteroidal anti-inflammatory drugs, antiplatelet agents, and anticoagulants. 7, 9 In contrast, despite anxiety about the addition of PPIs to clopidogrel regarding platelet function and cardiovascular outcome, adverse effects of PPI use on clinical outcome in patients on clopidogrel cannot be substantiated. 20, 32 PPIs not only treat upper gastrointestinal tract disease but also cause relaxation of the arteries, 17 reduce atrial fibrillation, 18 and have positive inotropic and negative chronotropic effects. 16 PPIs also have been reported by several in vitro and in vivo studies to have favorable pleiotropic effects, including anti-inflammatory, 13, 14, 18 antioxidant, 18 antiapoptotic, antiproliferative, and antifibrotic effects. 15 An observational study 33 and a randomized clinical trial 34 both reported minimal to no adverse effects as a result of PPI use in patients with coronary artery disease. In addition, our results are partly consistent with a previous report that showed PPI users had more comorbidities and that the use of PPIs in HF patients is associated with a relative reduction in mortality rates compared with ambulatory patients in whom PPIs are not used (odds ratio 0.87, 95% CI 0.81-0.93). 35 That report, 35 however, did not include data regarding severity of HF or left ventricular ejection fraction, laboratory data including B-type natriuretic peptide, endoscopic findings, and information about the specific cause of death, unlike the results of the current study. It has recently been reported that long-term use of PPIs is associated with adverse effects, 19 including endothelial senescence, 36 CKD, 37, 38 and malabsorption of magnesium, calcium, iron, and vitamin B12, resulting in hypomagnesemia, 39 anemia, fractures, 40 dementia, 41 and enteric infection. 42 These side effects will vary according to patient background (eg, age, comorbidity) and the observation period of study participants. In addition, although use of either PPI or H2RA is associated with short-term risk of adverse cardiac events in patients aged ≥66 years who are hospitalized for acute myocardial infarction within 12 weeks following initiation of PPI, 43 appropriate use of PPI is not denied in patients with coronary artery disease. 43 Among the present study's participants, although the PPI group had a higher prevalence of CKD and anemia, the levels of ferritin, unsaturated iron binding capacity, vitamin B12, corrected calcium, intact parathyroid hormone, 1,25-dihydroxy vitamin D, magnesium, C-reactive protein, and tumor necrosis factor a did not differ significantly among the groups. PPI side effects were not evident in our study participants.
Limitations and Study Strengths
Our study has several strengths and differs from previous studies 11, 12, 19 in many ways. The present study is the first to show the association of PPIs with lower cardiac mortality in HF patients, considering the presence of upper gastrointestinal tract disease and the use of antiplatelet agents and anticoagulants, with a relatively long follow-up period (%3 years). In addition, Japan's health insurance system requires objective testing such as endoscopy and/or purpose for prevention of upper gastrointestinal tract disease by antiplatelet agents and anticoagulants for prescribing acid suppressive therapy and may require more adequate indication than those reported in studies in Western countries based on over-the-counter systems. The present study has some potential limitations. First, our study is a nonrandomized and observational study at a single institution, so the sample size was relatively small and potential biases and confounders may be responsible for our findings. Although PS analyses are powerful, they are inherently limited by the number and accuracy of the variables evaluated. Importantly, we cannot rule out residual confounding from unknown or unmeasured variables. Second, we have assessed this study using variables during hospitalization only, without consideration of changes in medical parameters or postdischarge treatment. Changes in acid suppressive therapy were not considered, and there might be a little crossover among the groups. Third, the causal relationship and mechanism of our results could not be explained because this study was only observational. Fourth, because there are differences in drug metabolism of PPIs caused by genotype (eg, CYP2C19), 44 our results may not be fully generalized. Fifth, we cannot completely deny the possibility that extended use of PPIs causes adverse effects (eg, endothelial senescence, renal dysfunction, dementia, and fractures). For these reasons, the results of our study should be viewed as preliminary. Further clinical trials for HF using acid suppressive agents are required with a larger population and/or randomization.
Conclusions
The risk-benefit calculus for the appropriate use of PPI is important. Our findings suggest that the use of PPIs may be associated with lower cardiac mortality than without acid suppressive therapy or H2RAs in HF patients. Although we do not recommend the routine use of PPIs in HF patients without considering each patient's clinical background (eg, presence of upper gastrointestinal tract disease and usage of other medication), PPI use is beneficial for a considerable number of patients.
